Concerted single nanowire (NW) absorption and emission spectroscopies have been used to measure Stokes shifts in the optical response of individual CdSe nanowires. Obtained spectra are free of inhomogeneous broadening inherent to ensemble measurements. They reveal, for the first time, apparent size-dependent NW Stokes shifts with magnitudes on the order of 30 meV.
exciton potential energy fluctuations. At a broader level, these concerted absorption and emission measurements have provided detailed insight into the electronic structure of CdSe
NWs, beyond what could be obtained using either single particle absorption or emission spectroscopies alone.
I. INTRODUCTION
II-VI semiconductor nanostructures are currently some of the most widely studied systems in modern nanoscience. This is due to their distinctive size-and shape-dependent optical and electrical properties. 1, 2 Recent advances in the synthesis of high quality one-dimensional (1D)
II-VI nanostructures have led to extensive studies of their optoelectronic properties 3, 4, 5, 6, 7, 8 as well as their use in diverse applications. 9, 10 In this regard, the anisotropic shape of these materials allows for efficient charge transport while quantum confinement leads to tunable electronic properties. Both make II-VI nanorods (NRs) and nanowires (NWs) useful for photoconductive devices. 11, 12 Furthermore, their linearly polarized emission 13 makes them useful in devices such as light emitting diodes and sensors. 14 A thorough understanding of their photophysics, however, is essential to fully exploiting them in applications. This, in turn, requires developing a better understanding of NR and NW electronic structure, which is well reflected in their linear absorption and emission spectra.
Consequently, concerted absorption and emission measurements offer an effective means for probing confinement as well as dielectric environment induced variations of nanostructure electronic properties.
A notable example where such correlated measurements have been critical to establishing the electronic structure of low dimensional materials involves colloidal CdSe quantum dots (QDs). 15, 16 Specifically, detailed ensemble absorption and emission studies have previously led to excellent agreement between theoretically-derived transition energies and experimental excitation spectra. This has led to spectroscopic assignment of QD excitonic transitions as well as to observations of characteristic avoided crossings in their size-dependent spectra. 16 Such studies have also been critical in explaining unusual properties of the emission. This includes the existence of both resonant and non-resonant Stokes shifts, their widely differing magnitudes and their characteristic temperature-dependencies. 17 Consequently, joint absorption and emission measurements have established that the photoluminescence (PL) from CdSe QDs arises from intrinsic fine structure states, resulting from crystal field splitting, nanocrystal shape asymmetry and the electron-hole exchange interaction. 17, 18 They do not appear to originate from extrinsic, surface-related states. 19, 20 Interestingly, the advent of shape-controlled syntheses has led to analogous observations of emission Stokes shifts in 1D materials. Values as high as ~100 meV have been seen in CdSe NRs 13 while values on the order of ~50 meV have been found for PbSe and CdSe NWs. 21, 22, 23 However, little work has been done to establish the intrinsic or extrinsic origin of these shifts given the inability of ensemble absorption and emission measurements to capture the true underlying optical response of these materials. This stems, in part, from the structural, chemical and environmental heterogeneities inherent to chemically-synthesized ensembles, which exhibit size and shape polydispersities.
Single particle absorption and emission studies thus offer a way to circumvent this limitation.
In this manner, exquisite details of NR or NW electronic structure can be revealed. While single particle emission spectroscopy is a well-established technique, 24, 25, 26 corresponding absorption measurements are difficult due to the relatively low absorption efficiencies of individual particles. Namely, NW cross sections on the order of σ~10 -12 -10 -11 cm 2 μm -1 imply that only ~0.01 -0.1% of incident light is attenuated in a single particle absorption experiment. 27, 28 Recently, we have demonstrated the use of single particle, spatial modulation microscopy to acquire size-dependent extinction spectra of individual CdSe NWs 29 and gold nanoparticles. 30 We have also used this technique to acquire chirality-dependent spectra of single walled carbon nanotubes. 30 In the case of CdSe NWs, we have assigned observed transitions to predictions of a 6-band effective mass model. 29 This has, in turn, revealed the existence of room temperature 1D excitons 29 as well as the size-dependent interplay between quantum confinement, dielectric contrast and carrier electrostatic interactions in NWs. These spectroscopic assignments have been further corroborated by additional single NW absorption polarization anisotropy measurements we have made. 31 In the current study, we use concerted single NW absorption and emission experiments to develop further insight into the electronic structure of CdSe NWs. These combined measurements have enabled us to establish the existence of size-dependent Stokes shifts in CdSe NWs with radii a ~ 2-7 nm. The presence of such Stokes shifts is notable since they are not predicted by an effective mass theory previously used to describe their size-dependent absorption spectra 29 or their corresponding absorption polarization anisotropies. 31 In what follows, we rationalize the existence of a CdSe NW Stokes shift. Section II provides experimental details of our correlated single NW absorption and emission measurements.
Section III describes work to explicitly incorporate the effects of crystal field splitting into the effective mass theory previously used to describe CdSe NW electronic states. Subsequent implications on the assignment of NW optical transitions are discussed. Finally, Section IV quantitatively explains the magnitude of observed Stokes shifts, by including contributions from band edge exciton potential energy fluctuations. Section V summarizes the study.
II. EXPERIMENT AND RESULTS

A. Nanowire sample characterization
Three CdSe NW ensembles with mean radii of ⟨ ⟩ ~2.5, ~3.7 and ~5.0 nm, were prepared using solution-liquid-solid (SLS) growth. 5, 6, 32 
B. Single nanowire absorption and emission spectroscopy
Single nanowire extinction spectra were acquired using a supercontinuum light source (Fianium, SC450). For most measurements, a home-built double prism monochromator (spectral range: 450-800 nm) was used to disperse the laser's output. This resulted in a prolate spot (~1 μm long axis). Later measurements employed a dispersive, dual crystal acousto-optic tunable filter (AOTF, Fianium). This resulted in a tighter, diffraction-limited circular spot. In all cases, the dispersed supercontinuum was passed through a sheet polarizer before being split into signal Single NW PL spectra were obtained by exciting individual wires with the linearly polarized output of either a 532 nm (Power Technology Inc.) or a 473 nm (Oxxius) diode laser. The excitation spot was first enlarged to ~30 μm diameter by placing a f = 40 cm lens prior to the focusing objective's back aperture. Typical excitation intensities were I ~ 400 W/cm 2 . NW emission was collected with the same objective and was passed through a 570 nm long pass filter (Chroma) before being imaged with a CCD/imaging spectrometer combination (DVC/Acton).
All emission spectra were corrected for the spectrometer's grating response. We have previously suggested that α, β, and γ correspond to 1Σ 1/2 1Σ e , 1Σ 3/2 1Σ e , and 1Σ 1/2 HH 1Σ e respectively. 29 However, ambiguity exists about the actual identities of β and γ.
Namely, for β, we have alternatively suggested that it could be 2Σ 1/2 1Σ e . 29 This stems from 2Σ 1/2 1Σ e 's close proximity to β as well as from the fact that it is formally allowed under parallel polarized excitation. By contrast, 1Σ 3/2 1Σ e is formally "bright" only under perpendicularly polarized excitation. 31 Complicating this, predicted 2Σ 3/2 1Σ e energies are nearly degenerate with those of 2Σ 1/2 1Σ e though, like 1Σ 3/2 1Σ e , 2Σ 3/2 1Σ e is only formally active under perpendicularly polarized excitation. 
31
Similar ambiguities exist with the assignment of γ given its close proximity to 1Π 1/2 HH 1Π e and 1Π 3/2 1Π e . This is illustrated in Figure 2 (b). Qualitative correlation between the absorption polarization anisotropies for these states with experimental ρ-values also suggest that γ could originate from a mixture of both 1Π 1/2 HH 1Π e and 1Π 3/2 1Π e . 31 In general, though, the ZB model explains the coarse structure of the size-dependent transitions seen in our prior single CdSe NW absorption data.
At this point, what is notable is that the model does not predict a sizable Stokes shift in the emission from CdSe NWs. Namely, it suggests that their band edge absorption and emission originate from the same 1Σ 1/2 1Σ e (i.e. α) transition, irrespective of size. 
III. MODIFICATIONS TO THEORY
The model we have previously used to assign transitions in the absorption of single CdSe NWs does not account for a significant emission Stokes shift. Although a small offset of ~1-2 meV is predicted due to fine structure in the 1Σ 1/2 1Σ e transition (resulting from the combined effects of crystal field splitting and the electron-hole exchange interaction 36 ), such fine structure does not account for the 30-40 meV Stokes shifts seen in Figures 2, and 3 .
To reconcile this discrepancy, we note that CdSe NWs are not purely ZB. In fact, they contain ZB/W phase admixtures. 23 Thus, to account for the partial W character of the wires, we incorporate an effective crystal field splitting parameter directly into the Luttinger-Kohn
Hamiltonian used to describe CdSe's valence band. 38 The approach follows similar work by
Efros and Lambrecht 38 to explain observed emission polarization reversals seen in ZB and W GaAs/GaN NWs. 39 The explicit introduction of crystal field splitting in the model does not affect CdSe's conduction band. Consequently, conduction band wavefunctions/energies are determined using a one band effective mass model. Resulting electron wavefunctions take the form
where is a quantum number representing the electron level, m is its angular momentum projection onto the NW z axis, is the nanowire radius, / is the electron Bloch function, 
where the operators P, Q, L and M are expressed in terms of the momentum operators , , , , as follows:
In these expressions, is the electron rest mass, and are energy-dependent Luttinger Calculated energies for band edge electron and hole levels are plotted in Figure 4 (a) . What is important is that the predicted size-dependent behavior of these hole levels differs from that in the ZB model. Namely, in the pure ZB case 1Σ / is the lowest hole energy level for all NW sizes. Incorporating Δ into Eq. 3, however, results in 1Σ / being the lowest hole state for a > 3 nm with a reversal of 1Σ / and 1Σ / energies at a ~ 3 nm. Consequently, for NWs with a < 3 nm, 1Σ / is the lowest energy hole state. These model differences are shown explicitly in Figure 10 of the Appendix.
At this point, to properly model NW optical transitions, Coulomb contributions to electron and hole energies must be explicitly considered. This includes direct interactions between charge carriers as well as self-interactions with image charges generated in the surrounding dielectric medium. Details about these calculations can be found in Refs. 4, 29, 36 and 41.
When these electrostatic interactions are taken into account, we find that NW resonances (e.g. energy. For NWs with a < 3 nm, the ground excitonic transition is 1Σ 1/2 1Σ e (solid blue curve).
The next higher transition is 1Σ 3/2 1Σ e (dashed red curve). A crossing of the two levels occurs at a ~ 3 nm and directly results from the hole state reversal in Figure 4 (a) . Consequently, for wires with a > 3 nm, 1Σ 3/2 1Σ e is the lowest predicted exciton transition.
We now highlight an important difference that arises between the predictions of the current (W) and former (ZB) models. Figures 4 (c) and (d) show the first few excitonic transitions in either model superimposed atop the experimental data. By comparing the two plots, it is immediately apparent that the main difference between the two models is their predicted 1Σ Figure 4 (b) ].
Next, Figure 4 (b) shows that as the NW radius decreases, the magnitude of this intrinsic shift approaches zero since 1Σ 1/2 1Σ e and 1Σ 3/2 1Σ e converge in energy and ultimately cross at a ~ Stokes shift is highlighted by the dashed line first shown in Figure 3 (a) , which captures much of the qualitative behavior between a = 3 and 7 nm. Notably, the W model does not account for their absolute magnitudes or for the behavior seen in a < 3 nm NWs.
IV. EXCITON TRAP STATES
To explain quantitative discrepancies between experimental and theoretical Stokes shifts in a > 3 nm NWs and to explain the larger than expected values seen in narrow diameter wires, we invoke the role of exciton trap states. Namely, after excitation, we posit that photogenerated excitons thermalize into local potential energy minima, which reside below either 1Σ 3/2 1Σ e or 1Σ 1/2 1Σ e at the NW band edge. These states likely arise from incomplete organic ligand surface passivation, 44 or alternatively, stem from ZB/W phase admixtures previously shown to exist along the NW length. 23, 33 In either case, the appearance of exciton traps contributes to the intrinsic shifts seen in Figure 3 (a) and leads to larger than expected NW Stokes shifts.
Such band edge potential energy fluctuations have previously been invoked to explain features seen in low temperature emission spectra of individual CdSe NWs. Specifically, an
Urbach-like exponential tail of exciton trap states with a 1/ depth of ~18 meV has been used to explain the manifold of discrete (low temperature) resonances and low-energy (room temperature) spectral tails observed in CdSe NW emission spectra. 22 Although the corresponding emission polarization properties of these states are not known, they likely lead to emission polarized primarily along the wire's long axis given known NW dielectric properties. 25, 45, 46 Qualitatively, the existence of such exciton traps with energies within the gap implies that subsequent emission will occur at energies lower than either 1Σ 3/2 1Σ e for 3 nm or 1Σ 1/2 1Σ e for 3 nm. In turn, experimental Stokes shifts will be larger than predicted and will reflect the energy separation between the dominant absorbing 1Σ 1/2 1Σ e state and these latter emitting, exciton trap states.
To model such trap-related contributions to the NW Stokes shift, we employ a framework previously used by Dunstan to explain the existence of apparent emission Stokes shifts in amorphous silicon. 47, 48 The model first ascribes a probability for an exciton to thermalize into a trap state with an energy, or greater, below the band edge. The parameter represents the average trap depth of the distribution. Next, the probability that this trap represents a local minimum surrounded by N nearest neighbors with larger energies is 1 . 47 Consequently, the joint probability that describes the likelihood of an exciton relaxing into an emitting, local minimum within the distribution is 1 . Figure 13 of the Appendix plots P for various N values. In particular, it resembles an asymmetrically broadened Gaussian with a peak at ln 1 .
This energy is the most probable trap depth sampled by excitons within the distribution parameterized by N and . Consequently, adds to the intrinsic Stokes shift between 1Σ 1/2 1Σ e and 1Σ 3/2 1Σ e for wires with a > 3 nm. For wires with a < 3 nm, it exclusively accounts for their Stokes shifts.
N represents the number of nearest neighbor-but higher energy-potential minima surrounding a given trap at . As such, it is ultimately linked to NW trap state densities (ρ trap ).
Prior studies have suggested ρ trap -values of ρ trap ~ 1.3 x 10 19 cm -3 for CdSe NWs. 49, 50 However, we know of no experiment that directly quantifies ρ trap or which describes its size dependencies.
Consequently, using ρ trap = 1 x 10 19 cm -3 and nominal NW dimensions of a = 2 -4 nm and l = 1 μm, we estimate upper limit NW N-values ranging from N = 1 -6. Additional details of this calculation can be found in the Appendix. More importantly, the apparent size-dependent behavior seen in Figure 3 (a) is also rationalized. Namely, the model suggests that a Stokes shift should always exist in larger diameter wires, with the intrinsic contribution representing a lower limit in a > 3 nm NWs. In this regard, what is notable in the experiment is that Stokes shifts significantly below the intrinsic theory line are never seen for a ~ 3 -7 nm wires. To further test this conclusion, we have conducted an additional single NW intrawire Stokes shift measurement by acquiring absorption and emission spectra from a single NW at different points across its length. The motivation for this stems from the possibility that spatial heterogeneities exist in the optical response of individual wires. Consequently, within the context of the current study, varying Stokes shifts, some smaller than the intrinsic theoretical limit, could potentially be averaged out in a single NW measurement which samples the wire's entire response. (1.79 meV standard deviation). More relevantly, none of the measured shifts fall below the intrinsic theory limit shown in Figure 5 (a) . Thus, at this point, all of the experimental data corroborates predictions of the revised NW model described in Section III.
Finally, for NWs with a < 3 nm, no intrinsic contribution to the Stokes shift is predicted.
Observed experimental shifts thus possess purely extrinsic origins. 
B. Transition matrix elements for possible β transitions (ZB model)
To help assign β, the following squared transition matrix elements (|M| 2 ) for 1Σ 3/2 1Σ e , 2Σ 3/2 1Σ e and 2Σ 1/2 1Σ e , were calculated using the ZB model. 
C. Sizing curve
A NW sizing curve has been constructed using ensemble literature data. 6, 32, 34, 37 This sizing curve relates NW radii, a, to the band edge (α) transition energy. 
Hole wavefunctions and energies
The four band Hamiltonian for holes, which explicitly includes crystal field splitting, is given 
Applying the radial boundary condition (i.e. 
Given that the constraint also requires / 0 and / 0, . 
Wavefunctions and energies for and states can be analogously determined.
Resulting expressions are shown in Eqs. 7 -9 of the main text. In this regard, the normalization constant, ⁄ , for states is 
Eq. A12 then becomes
using corresponding 2Σ 1/2 and 2Σ 3/2 hole state envelope functions.
Calculated squared transition matrix elements for 2Σ 1/2 1Σ e and 2Σ 3/2 1Σ e transitions are shown in Figure 11 . The plot reveals that 2Σ 1/2 1Σ e possesses the largest overall transition probability under parallel polarized excitation. By contrast, 2Σ 3/2 1Σ e is dark under the same conditions. For perpendicularly polarized light, both 2Σ 1/2 1Σ e and 2Σ 3/2 1Σ e possess similar transition probabilities.
FIG. 11.
Squared transition matrix elements for 2Σ 1/2 1Σ e and 2Σ 3/2 1Σ e under parallel (||) and perpendicularly ( ) polarized excitation. Dielectric constants of the wire and the surrounding medium are assumed to be = 6.1 and = 2.0 respectively.
Analogous squared transition matrix elements for 1Σ 1/2 1Σ e and 1Σ 3/2 1Σ e, are shown in Figure   12 . For parallel polarized light, 1Σ 1/2 1Σ e possesses the largest overall transition probability.
1Σ 3/2 1Σ e is dark under the same conditions. For perpendicularly polarized light, 1Σ 3/2 1Σ e possesses a transition probability larger than that for 1Σ 1/2 1Σ e . The composite anisotropy value for β, which is attributed to unresolved 2Σ 1/2 1Σ e and 2Σ 3/2 1Σ e transitions, is likewise evaluated using 
For values between 2 and 1, = 6.1 and a = 3 nm, we find -values ranging from = 0.38 to 0.74.
F. Exciton trap states
As described in the main text, the probability for an exciton sampling a trap with an energy below the band edge is given by
The resulting distribution resembles an asymmetrically broadened Gaussian. It is illustrated below for different N values. 
Then, using a = 2 -4 nm yields N values of N = 1 -6. These values represent upper limits since actual localized exciton Bohr radii are likely to be smaller. Furthermore, a NW length of l=1 μm is assumed whereas experimental samples consist of wires with l >> 1 μm.
